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Metalloenzymes such as the superoxide dismutases (SODs) form part of a defense mechanism that helps protect obligate and facultative aerobic organisms from oxygen toxicity and damage. Here, we report the presence in the trypanosomatid genomes of four SOD genes: soda, sodb1 and sodb2 and a newly identified sodc. All four genes of Trypanosoma brucei have been cloned (Tbsods), sequenced and overexpressed in Escherichia coli and shown to encode active dimeric FeSOD isozymes. Homology modelling of the structures of all four enzymes using available X-ray crystal structures of homologs showed that the four TbSOD structures were nearly identical. Subcellular localization using GFP-fusion proteins in procyclic insect trypomastigotes shows that TbSODB1 is mainly cytosolic, with a minor glycosomal component, TbSODB2 is mainly glycosomal with some activity in the cytosol and TbSODA and TbSODC are both mitochondrial isozymes. Phylogenetic studies of all available trypanosomatid SODs and 106 dimeric FeSODs and closely related cambialistic dimeric SOD sequences suggest that the trypanosomatid SODs have all been acquired by more than one event of horizontal gene transfer, followed by events of gene duplication.
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Superoxide dismutases (SODs; EC 1.15.1.1) are a group of metalloenzymes that eliminate superoxide radicals by dismutation into hydrogen peroxide and molecular oxygen [1]. In concert with catalase, SODs have strong anti-oxidant properties and have been shown to protect normal cells as well as a number of pathogens from reactive oxygen species (ROS). According to their metal cofactor, SODs can be classified into three isoform types: copper/zinc-, manganese- and iron-containing enzymes (Cu/ZnSOD, MnSOD and FeSOD). Some classes of bacteria are also known to possess activity with either iron or manganese incorporated in the same protein moiety (cambialistic SODs). FeSODs and MnSODs appear as homodimers or homotetramers and exhibit a high degree of sequence and structure similarity [2,3], strongly suggesting that these enzymes have a common ancestry. Recently, most of the residues potentially involved in the mode of oligomerization and metal ion specificity of the Fe/MnSOD family have been identified [4]. All obligate and facultative aerobic organisms possess SOD. Typically, eukaryotes including mammals have a Cu/ZnSOD in their cytosol, and MnSOD in the mitochondrial matrix whereas FeSODs have been found in prokaryotes, protozoans, and chloroplasts of plants and algae.
Trypanosomatids, including the causative agents of African sleeping sickness (Trypanosoma brucei gambiense, Trypanosoma brucei rhodesiense), Chagas disease (Trypanosoma cruzi) and the different manifestations of leishmaniasis, all have SODs to protect themselves against oxidative stress. However, in these parasites, so far, only evidence has been found for the presence of FeSOD. MnSOD and Cu/ZnSOD could not be detected. Interestingly, catalase, the enzyme that catalyzes the dismutation of hydrogen peroxide to oxygen and water and which is present in most aerobic organisms has not been detected in any of the pathogenic trypanosomatids. The known sensitivity of trypanosomatids towards ROS and the absence of catalase, renders the other enzymes of the oxidant stress protection system such as FeSOD promising targets for the development of parasite-specific drugs. Thus far several members of the FeSOD family and their corresponding genes have been described for T. cruzi, T. brucei and Leishmania spp. In T. brucei, SOD activity has been detected in long slender forms; however, whether it is present in other developmental stages of the parasite is not known [5,6]. In bloodstream forms, SOD activity has been shown to be present in the cytoplasm, in the mitochondrion and in the glycosomes [5]. For T. cruzi two SOD genes, FeSODA and FeSODB, have been cloned and characterized [7,8]. A FeSODB gene of T. brucei encoding a protein of 198 residues has been cloned and its gene product functionally characterized as an iron-containing SOD [6]. This FeSOD was shown to be developmentally regulated with the highest level of expression in rapidly dividing cells but its subcellular location was not described. Two closely related FeSODs (SODB1 and SODB2) have also been identified in Leishmania chagasi and these two isozymes were localized within the glycosomes [9,10]. Leishmania chagasi parasites in which one allele of the Lcsodb1 gene had been knocked out exhibited a reduction in growth when endogenous superoxide levels were increased with paraquat in culture and a reduction in survival within human macrophages suggesting that FeSODB plays an important role in survival and growth of Leishmania. Also FeSODC (C-type according to the present study)-depleted Leishmania tropica parasites showed enhanced sensitivity to menadione and hydrogen peroxide in axenic culture, and a markedly reduced survival in mouse macrophages [11].
Here, we describe the presence in T. brucei of four SOD genes: Tbsoda, Tbsodb1 and Tbsodb2 and a newly identified Tbsodc. All genes encode active dimeric FeSODs, which in procyclic insect trypomastigotes are localized to the cytosolic, glycosomal and mitochondrial counterparts, respectively. Their phylogenetic relationship suggests that these SODs have been acquired by more than one events of horizontal gene transfer followed by an event of gene duplication.

Materials and methods
Cloning and sequencing of Tbsod genes
SOD sequences were retrieved by BLAST searches [12] at the T. brucei strain 927/4 GeneDB web site (http://www.genedb.org/genedb/tryp/index.jsp (​http:​/​​/​www.genedb.org​/​genedb​/​tryp​/​index.jsp​)) using the publicly available SODB sequence from T. brucei strain TC221 (Accession number: AF364812). Four distinct SOD genes called soda, sodb1, sodb2, and sodc, respectively, were identified. From these sequences, oligonucleotides flanking the coding region of each gene were designed (sense primer Tryp1F and antisense primer Tryp2R, respectively; the list of all the primers used in this study is provided in supplementary information) and used to amplify the homologous sequences from T. brucei strain 427 (Tbsods). PCRs were carried out according to standard conditions for Platinum Taq DNA polymerase High Fidelity (Invitrogen) using genomic DNA of T. brucei strain 427 as template. After the denaturation step at 94°C for 5 min, 40 cycles of amplification were performed with a GeneAmp PCR System 9700 apparatus (Applied Biosystems) as follows: 1 min at 94°C, 1 min at 60°C and 1 min at 72°C. The final extension step was continued for 15 min. The PCR products were separated by agarose gel electrophoresis, and the bands of the expected sizes were purified using the QIAEX II Gel Extraction Kit (Qiagen). Purified PCR products were cloned in the T-vector, pCR 2.1-TOPO (Invitrogen) and amplified in E. coli TOP10 competent cells. Minipreparations of plasmid DNA were done using the QIAprep Spin Miniprep Kit (Qiagen). Plasmids containing inserts (pCR 2.1-Tbsods) were sequenced on both strands by primer walking using the Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems) and an automated ABI PRISM 377 DNA Sequencer (Applied Biosystems). The Tbsod gene sequences obtained in this study have been deposited in GenBank under the accession numbers AY894557 to AY894560.

Computer-based analysis of proteins
Various physical and chemical parameters of TbSODs were computed with ProtParam (http://us.expasy.org/cgi-bin/protparam (​http:​/​​/​us.expasy.org​/​cgi-bin​/​protparam​)). Targeting signals of proteins and signal peptide cleavage sites were predicted by SignalP v3.0 (http://www.cbs.dtu.dk/services/SignalP/ (​http:​/​​/​www.cbs.dtu.dk​/​services​/​SignalP​/​​)) [13], TargetP v1.01 (http://www.cbs.dtu.dk/services/TargetP/ (​http:​/​​/​www.cbs.dtu.dk​/​services​/​TargetP​/​​)) [14,15], iPSORT (http://hc.ims.u-tokyo.ac.jp/iPSORT/ (​http:​/​​/​hc.ims.u-tokyo.ac.jp​/​iPSORT​/​​)) [16], MitoProt II v1.0a4 (http://ihg.gsf.de/ihg/mitoprot.html (​http:​/​​/​ihg.gsf.de​/​ihg​/​mitoprot.html​)) [17], Predotar v1.03 (http://genoplante-info.infobiogen.fr/predotar/ (​http:​/​​/​genoplante-info.infobiogen.fr​/​predotar​/​​)), and Phobius (http://phobius.cgb.ki.se/ (​http:​/​​/​phobius.cgb.ki.se​/​​)) [18].

Homology modelling
Three-dimensional models of the TbSODs were built with the automated comparative modelling program Modeller 6.2 [19] using as homologous protein templates highly-resolved X-ray structures of dimeric FeSODs from E. coli (Protein Data Bank (PDB) code: 1isa; x-ray resolution 1.8 Å) and Pseudomonas ovalis (1dt0; 2.1 Å) and dimeric cambialistic SOD from Porphyromonas gingivalis (1qnn; 1.8 Å). For each TbSOD sequence, five dimeric models were built and the best one was kept according to the modeller objective function. The iron ions and the water molecules of the active sites were taking into account in the molecular modelling procedure. Note that as no homologous residues were available for the amino-terminal 35 residues of TbSODA and the amino-terminal 97 residues of TbSODC, these both parts were therefore omitted in our analysis. The final models had in disallowed regions of Ramachandran map only a single residue, no residue, no residue and two residues for TbSODA, TbSODB1, TbSODB2, and TbSODC, respectively. The equivalent resolutions according to this criteria computed by PROCHECK-NMR program [20] were 1.4 Å, 1.0 Å, 1.0 Å and 1.7 Å for TbSODA, TbSODB1, TbSODB2, and TbSODC, respectively. Secondary structures were defined by DSSP program [21] and models were analyzed by PROMOTIF [22]. Pictures of the monomers of TbSODs were obtained using a combination of Molscript [23] and Raster 3D [24].

Protein expression and SOD activity assays
Overproduction of TbSODs was done using a two-plasmid system [25]. 150 ng of purified plasmid pCR 2.1-Tbsod was used as template to amplify the complete open reading frame of Tbsod genes. Amplifications consisted of 25 cycles with steps identical to those of the PCR described above. The sense oligonucleotide Tryp3F created a NdeI site at the position of the ATG codon of the SOD coding sequences whereas the antisense primer Tryp4R created a PstI site downstream from the stop codon. In the case of the TbSODC, two distinct Tryp3F primers were used, each including one ATG codon corresponding to Met1 and Met40, respectively (numbering as in the TbSODC amino acid sequence; see supplementary material and Table 1), found in the long amino-terminal extension of this polypeptide. PCR products were digested with NdeI and PstI (Invitrogen) then ligated in-frame with the similarly digested pT7-7 expression vector using standard techniques. All PCR-derived clones were sequenced and found to match the parent clones pCR 2.1-Tbsods. Following sequence verification, the pT7-7 vector containing the introduced gene was used to transform competent E. coli double mutant strain K38, lacking genes for both MnSOD and FeSOD [26] and containing the pGP1-2 plasmid. Expression of the introduced genes was initiated by heat induction as previously described [27]. As a control, competent E. coli strain K38/pGP1-2 transformed with the pT7-7 vector without insert, was used. After centrifugation of bacteria, the pellet was resuspended in lysis buffer (0.3 mg/ml lysozyme; 20 mM Tris-HCl, pH 7.2; 2 mM EDTA) for 2 h on ice. Then, 0.1 mg/ml DNase and 10 mM MgCl2 were added to the sample and the incubation was performed for 2 h on ice. Lysed cells were centrifuged for 30 min at 4°C and the supernatant was stored at –30°C until use for SOD activity assays. The concentration of proteins in the supernatant was determined using the BCA Assay Kit (Ultima). SOD activity of lysates was determined by the pyrogallol autoxidation method [28] in which 1 U of SOD activity corresponds to 50% inhibition of the pyrogallol autoxidation observed in the control in the absence of the enzyme. In the present method, 1 U corresponds to the activity of 100 ng/ml of bovine Cu/ZnSOD.
Intracellular localization constructs
Vector pHD1336 (kindly provided by C. Clayton, Heidelberg, Germany) was used as starting material for the construction of a plasmid suitable for the expression of GFP-fusion proteins in trypanosomes. It contains the PARP promoter under the control of the tetracycline operator, 5’- and 3’-untranslated regions of the actin gene, and the blasticidin resistance gene. The complete open reading frame of GFP combined with the adjacent multiple cloning site (MCS) were amplified by PCR from the plasmids pEGFP-N1 and pEGFP-C1 (Clontech). Plasmid pHD1336 was doubly digested by HindIII and BamHI and the 5’ overhanging ends were filled by incubation with Taq DNA polymerase (TaKaRa) in appropriate buffer supplied with 0.2 mM dNTPs. The resulting blunt ended vectors were used for ligation with the GFP-MCS PCR products, yielding the plasmids pGC1 and pGN1, respectively, for carboxy- and amino-terminal fusion with the GFP. This strategy left the restriction sites BamHI and HindIII available for cloning. The coding region of the Tbsoda, Tbsodb1, and Tbsodb2 genes was amplified by PCR using a sense primer Tryp5F which created a HindIII site and an antisense primer Tryp6R which created a BamHI site. The coding region of the Tbsodc gene was amplified using sense (Tryp7F) and antisense (Tryp6R) primers that both created a BamHI site. Primers Tryp6R-SODA and Tryp6R-SODC also mutated one nucleotide position allowing the suppression of the stop codon. All amplifications consisted of 35 cycles of 1 min at 94°C, 1 min at 50°C, and 1 min at 72°C using 150 ng of purified plasmid pCR2.1-Tbsod as template. The PCR-amplified fragment of the Tbsoda gene was doubly digested with HindIII and BamHI and cloned in the similarly digested plasmid pGN1 using standard methods. PCR products of the Tbsodb1 and Tbsodb2 genes were similarly cloned in the pGC1 vector. The pGC1 construct containing the Tbsodb2 gene was further mutated by site-directed mutagenesis to suppress the restriction site NotI found in the nucleotide sequence, using the QuickChange Site-Directed Mutagenesis Kit according to the protocol of the manufacturer (Stratagene). Briefly, 10 ng of purified plasmid pGC1-Tbsodb2 and the sense Tryp8F and antisense Tryp9R primers were used. Both primers changed C for A in position 129 (numbering as in the nucleotide sequence of the Tbsodb2 coding region) without any mutation at the amino acid level. The Tbsodc gene amplicon was digested with HindIII then ligated in-frame in the pGN1 vector after dephosporylation by Alcaline Phosphatase (Amersham). The pGC1 and pGN1 plasmids containing the introduced genes were used to transform competent E. coli TOP10 cells. Following sequence verification, positive clones were directly used in transfection assays.

Parasite culture, transfection, and immunofluorescence
Procyclics of T. brucei strain 427 (cell line 449, constitutively expressing the tetracyclin repressor) were cultured in SDM-79 medium [29] supplemented with 15% foetal bovine serum (Gibco BRL) and 1 µg/ml phleomycin. Transfection was done as described [30]. Briefly, 2-3 107 cells were centrifuged, washed once in ice-cold Zimmerman Post-Fusion Medium (ZPFM) and resuspended in 500 µl ZPFM. Ten µg of pGC1 and pGN1 plasmids containing the introduced Tbsod genes was linearized overnight with NotI (Fermentas), ethanol precipitated and resuspended in 20 µl of water. DNA and cells were incubated together for 10 min on ice, in a 0.4 cm electroporation cuvette. Cells were then subjected to a single pulse by a BTX ECM 630 electroporator set for a peak discharge of 1.8 kV, 25 Ω and 50 µF and directly diluted in 4.5 ml of SDM-79 medium. Selection was applied the day after by addition of 4.5 ml SDM-79 with 20 µg/ml blasticidin. Induction of expression was done by addition of 2 µg/ml tetracycline. Trypanosomes were allowed to grow overnight before immunofluorescence analysis. Cells were fixed with 4% formaldehyde in PBS, permeabilized with 1% Triton X-100 and settled on poly-L-lysine coated slides. Cells were then incubated for 45 min in PBS/BSA 5%, followed by incubation in PBS/BSA 2% with the primary antibody (rabbit polyclonal anti-T. brucei aldolase as glycosomal marker [31]). After washing with PBS, cells were allowed to react with 5 µg/ml anti-rabbit antibodies-Alexa 568 (Molecular Probes), washed again and mounted in Mowiol. Mitochondria staining was performed using Mitotracker-Red (Molecular Probes) according to the instructions of the manufacturer. Cells were visualised using a Zeiss Axiovert microscope coupled to an MRC-1024 confocal scanning laser imaging system (BioRad).

Western blot
Cell fractionation of parasites and isopycnic centrifugation of resulting fractions using linear density sucrose gradients were done as previously described [32] and 15 fractions per gradient were collected. Activities of marker enzymes for cytosol (6-phosphogluconate dehydrogenase and alanine aminotransferase), mitochondria (NADP-isocitrate dehydrogenase), and glycosomes (hexokinase, phosphoglycerate kinase, and glycerol-3-phosphate dehydrogenase) were determined in each fraction as already described [32]. Protein concentration in each fraction was determined by the method of Lowry et al. [33]. For Western blots, 7 g/lane of T. brucei soluble protein of each fraction was separated on a 15% SDS-PAGE and subsequently blotted onto nitrocellulose [34]. The blots were probed with primary rabbit anti-T. brucei SODB polyclonal antibody [6] raised against the synthetic peptide TTKKLKVFQTHDAGC used at 1:2000. After washing, the nitrocellulose membrane was incubated with a peroxidase-conjugated goat anti-rabbit antibody at 1:10000 (Rockland), and bound antibodies were visualized using the ECL Western blotting system (Amersham) according to instructions of the manufacturer.

Phylogenetic analyses
A published protein alignment containing 81 dimeric FeSODs and closely related cambialistic dimeric SOD sequences was available [4]. BLAST searches and retrieval of additional protein sequences were performed using the NCBI web interface (http://www.ncbi.nlm.nih.gov (​http:​/​​/​www.ncbi.nlm.nih.gov​)). Some sequences were also obtained from genome sequencing programs and available on The Institute for Genomic Research (http://www.tigr.org/ (​http:​/​​/​www.tigr.org​/​​)) and The Wellcome Trust Sanger Institute (http://www.sanger.ac.uk/) web sites. Only full-length sequences assigned as dimeric FeSODs and closely related cambialistic dimeric SODs according to sequence and structure characteristics [4] were extracted. Additional SOD sequences from trypanosomatids were identified by searching the Trypanosoma brucei gambiense (http://www.sanger.ac.uk/Projects/T_b_gambiense/ (​http:​/​​/​www.sanger.ac.uk​/​Projects​/​T_b_gambiense​/​​)), Trypanosoma cruzi strain CL Brener (http://www.genedb.org/genedb/tcruzi/index.jsp (​http:​/​​/​www.genedb.org​/​genedb​/​tcruzi​/​index.jsp​)), Trypanosoma congolense (http://www.sanger.ac.uk/Projects/T_congolense/ (​http:​/​​/​www.sanger.ac.uk​/​Projects​/​T_congolense​/​​)), Trypanosoma vivax (http://www.sanger.ac.uk/Projects/T_vivax/ (​http:​/​​/​www.sanger.ac.uk​/​Projects​/​T_vivax​/​​)), Leishmania infantum clone JPCM5 (http://www.genedb.org/genedb/linfantum/index.jsp (​http:​/​​/​www.genedb.org​/​genedb​/​linfantum​/​index.jsp​)), and Leishmania major strain MHOM/IL/80/Friedlin (http://www.genedb.org/genedb/leish/index.jsp (​http:​/​​/​www.genedb.org​/​genedb​/​leish​/​index.jsp​)) genome projects. All in all, TbSOD sequences obtained in this study were added to a large data set including 162 non-trypanosomatid and 46 other trypanosomatid sequences belonging to the genera Trypanosoma and Leishmania including a partial sequence from L. tropica (Accession number: AY161306 [11]). Amino acid sequences from trypanosomatids and other organisms were aligned with the use of the BioEdit v7.0.1 package (http://www.mbio.ncsu.edu:BioEdit/bioedit.html (​http:​/​​/​www.mbio.ncsu.edu:BioEdit​/​bioedit.html​)) and only unambiguously alignable sites were chosen for phylogenetic inference. Full-length alignments and sites used in analyses are available upon request to the corresponding author. Removal of indels from the first trypanosomatid data set including 49 full-length sequences yielded 188 sites for analysis. A second trypanosomatid data set included the same sampling plus the partial SOD sequence from L. tropica and allowed the analysis of 156 alignable positions. Phylogenetic analyses of these two data sets were carried out using MrBAYES v3_0b4 [35]. Bayesian analyses were performed using the Jones-Taylor-Thornton (JTT) amino acid replacement model [36]. In both Bayesian analyses, starting trees were random, four simultaneous Markov chains were run for 1 million generations, burn-in values were set at 35,000 generations (based on empirical values of stabilizing likelihoods), and trees were sampled every 100 generations. Bayesian posterior probabilities (BPP) were calculated using a Markov chain Monte Carlo (MCMC) sampling approach [37] implemented in MrBAYES v3_0b4. Trees have been rooted using the Midpoint rooting method with RETREE implemented in the PHYLIP package v3.62 [38]. A broadest taxonomic sampling included the four TbSOD sequences obtained in this study and the 162 non-trypanosomatid SOD sequences from prokaryotes and eukaryotes extracted from databases as described above. When ambiguous sites were removed for this sampling, a dataset of 168 positions was left for analysis. To reduce computer time and to remove redundant sequences (uninformative closed sequences from phylogenetically-related species and species-specific duplicated genes) for further tree reconstructions, this data set was first analysed with the Protein Maximum Likelihood (ProML) program (PHYLIP package v3.62) using the JTT probability model of change between amino acids. Analysis of this latter tree allowed the selection of a reduced data set (110 sequences and 168 positions) that was analysed using MrBAYES v3_0b4 as described above. For the same data set, TREE-PUZZLE v5.1 [39] was also used to estimate the model of amino acid transition, proportion of invariant sites and among-site-rate variation categories under gamma or gamma plus invariant models. The model was VT [40] and the estimated shape parameter  and the fraction of invariable sites were 1.27 and 0.05, respectively. ML corrected distance matrices were calculated using TREE-PUZZLE v5.1 and the shell script PUZZLEBOOT (by Holder and Roger: http://www.tree-puzzle.de (​http:​/​​/​www.tree-puzzle.de​)) and then analyzed with NEIGHBOR (PHYLIP package v3.62). Bootstrap values (BV) for the distance tree were obtained from 1,000 replicates with SEQBOOT implemented in the PHYLIP package v3.62. In one case where an interesting polyphyly was observed in the second dataset, the 10,000 trees generated by this second MrBAYES analysis were imported into PAUP* v4.0b10 [41] where the 350 burn-in trees were removed. PAUP was then used to define a constraint group of these taxa and to filter out those trees from the dataset that had held that group monophyletic to indicate the percentage of total trees with that topological feature.

Results
Protein sequence and structure analyses of TbSOD enzymes
A search of the T. brucei strain 927/4 GeneDB web site with the protein sequence of a previously identified T. brucei strain TC221 SODB [6] yielded four hits for putative SODs. It included homologous proteins of SODB1 (Temporary accession: Tb11.01.6660), SODB2 (Tb11.01.7550), and SODA (Tb05.27M3.490) according to recent SOD gene assignments in Leishmania species [10] and an as-yet unidentified new type of SOD (Tb11.01.7480) in trypanosomatids that we call SODC in this study. In T. brucei strain 927/4, the sodb1, sodc, and sodb2 genes are situated on the same chromosome 11 (proceeding from 5’ to 3’). Genomic domains between coding regions of sodb1 and sodc and between those of sodc and sodb2 are around 189 and 25 kB, respectively. On the other hand, the soda gene is located on chromosome 5. A similar SOD gene grouping was also observed in L. major strain MHOM/IL/80/Friedlin (sodb1, sodb2, and sodc together on chromosome 32 and soda on chromosome 8) while sodb1 and sodb2 genes are organized in tandem in both L. chagasi and L. donovani [10]. On chromosome 6, a fifth SOD-like gene (Tb06.4F7.290) was identified in T. brucei strain 927/4. This gene is well conserved within the three trypanosomatids for which the genome is being sequenced and the corresponding protein shares between 24-34% of its residues with the other FeSODs and has a size that resembles the other SODs. However, none of the residues predicted to be involved in the binding of the metal ion were conserved. Therefore, the predicted protein cannot possibly function as a SOD and its real function remains to be established.
The coding regions of the four types of bona-fide SODs in our strain T. brucei 427 were obtained by PCR using primers flanking the homologous protein sequences (Fig. 1). They were called Tbsodb1, Tbsodb2, Tbsoda, and Tbsodc. At the amino acid level, Tbsods of strain 427 exhibited a few differences with their counterparts of T. brucei strain 927/4 as available in the genome database. The full open reading frames of Tbsodb1 and Tbsodb2 encoded proteins of 198 and 208 amino acids with predicted molecular masses of 22,048 and 23,266 Da, and predicted isoelectric points of 5.71 and 6.49, respectively. The amino acid sequences of these two enzymes were 91% identical (see supplementary material) and differed primarily by the presence of a 10-amino-acid extension found at the carboxyl terminus of TbSODB2. In contrast to the TbSODB1 (-LKS), we noted that the last three residues of TbSODB2 (-SDL) resembled the typical carboxy-terminal tripeptide SKL named PTS-1 (peroxisome-targeting signal of type 1) [42] which constitutes the targeting signal of the majority of glycosomal enzymes. However, this carboxy-terminal signal is known to be highly degenerate [43] and it has been shown that the variants SDL and SQL allowed the targeting of L. chagasi SODB1 and SODB2, respectively, to the glycosomes [10], suggesting a possible localization of TbSODB2 in these organelles.
Analysis of the Tbsoda and Tbsodc genes revealed open reading frames which could be translated to 238 and 309 amino acids, with molecular masses of 26,873 and 36,031 Da, and predicted isoelectric points of 8.65 and 6.86, respectively. Moreover, in comparison to TbSODBs, both TbSODA and TbSODC possessed an amino-terminal extension composed of 35 and 97 residues, respectively. Since such extensions could represent putative mitochondrial targeting signals, we analysed their targeting potential using several prediction algorithms (Table 1). A mitochondrial location of TbSODA was supported by three algorithms, while only one supported such a location for TbSODC. Also the predicted length of the identified mitochondrial transit peptides varied according to the algorithms used.
Amino acid sequences of TbSODs were aligned to those of 12 dimeric and tetrameric FeSODs and MnSODs and cambialistic SODs from various organisms (Fig. 1). For each of these 12 SOD sequences, a high-resolution X-ray structure is available allowing the optimization of the alignment on the basis of the sequence and structure similarities [4]. From the common part of our alignment (180 shared amino acid residues), it is apparent that the most divergent protein of the four TbSODs is that of TbSODC (38% identity) in comparison with TbSODA (43 and 44% identity with TbSODB1 and TbSODB2, respectively) while TbSODC and TbSODA protein sequences exhibited 43% identity (see supplementary material). Moreover, all four TbSODs exhibited a higher degree of identity to the dimeric FeSOD from E. coli (41 to 54%) and P. ovalis (36 to 56%), and that of the cambialistic dimeric SOD from P. gingivalis (36 to 44%) than to the dimeric MnSODs and tetrameric MnSODs and FeSODs (22 to 42%) suggesting that TbSODs all belong to the class of dimeric FeSODs. This was confirmed by the analysis of the ensemble of residues previously identified as ensuring the metal specificity and/or oligomeric state of SOD enzymes [4]. In addition to the conserved residues found in most of the SOD sequences (Figs 1 and 2) including those that ligand the metal ion (His26, His73, Asp156, and His160; numbering as in the E. coli FeSOD protein sequence), TbSOD protein sequences display almost all sequence features of dimeric FeSODs. This included i) the residues systematically encountered in dimers and never in tetramers such as Asn65, Phe118, and Pro144 and ii) the iron dimer-specific residues Phe64 (with the exception of TbSODC exhibiting a conservative substitution Phe64-Tyr64 which is common in dimeric FeSOD sequences from Amoebozoa and Apicomplexa as in some bacteria), Ala68, Gln69, Phe75, and Ala141. These data allowed a very strong prediction of the oligomeric state and nature of the metal co-factor of T. brucei strain 427 enzymes as dimeric FeSODs.
Structural models of TbSODs were obtained by homology modelling using publicly available X-ray structures of dimeric FeSODs. The four TbSOD structures were nearly identical (Fig. 2). All contained the typical fold of dimeric FeSOD, consisting of 9 alpha-helices and 3 beta-strands (Fig. 2A), and all exhibited the dimeric packing which closely bring together the two active sites (Fig. 2B), although no cooperativity in function has been reported. As mentioned above, TbSODs encompassed the characteristic side chains of both SOD proteins (shown in Fig. 2D) and dimeric FeSODs (see Fig. 2C). We also noted that most of these conserved side chains were located around the metal ion/active site (Fig. 2D). The only differences between TbSOD three-dimensional structures were the amino-terminal 310 helices before the H1a helix encountered in TbSODB1 and TbSODB2 models (depicted in blue on Figs 2A and 2B), and the 5-residue long loop insertion between H2a and H2b helices found in TbSODA and TbSODC models (in blue on Figs 2C and 2D).

Expression of active TbSODs
Mutant E. coli strain K38/pGP1-2, deficient in both MnSOD and FeSOD genes, was transformed with the pT7-7 vector, harbouring the Tbsod genes and heat-induced. Protein concentration and SOD activity assays were performed on the lysates of induced bacteria. The supernatants analyzed gave specific activities of 43, 50, and 144 U mg-1 protein for the recombinant enzymes TbSODB1, TbSODB2, and TbSODA, respectively. No SOD activity was detected in the supernatant of the lysed bacteria containing plasmid without insert (control) and plasmid with the full-length TbSODC sequence (residues 1 to 309). This lack of SOD activity of the recombinant form TbSODC1-309 could be explained by its insolubility since a protein band of 36 kDa was only identified on the electrophoretic profile of the bacterial pellet after lysis on a denaturing polyacrylamide gel (data not shown). An incorrect folding of the native TbSODC protein and its subsequent precipitation at least in the bacterial strain used could be linked to the presence of a very long amino terminal extension. Indeed, a parallel could be drawn with the failure to recombinantly express in an active form the mitochondrial SOD2 of Plasmodium falciparum which also exhibits an unusually long amino-terminal extension [44]. Moreover, the recombinant form TbSODC40-309 corresponding to the enzyme deleted for a part of its amino-terminal extension was soluble and showed a specific SOD activity of 22 U mg-1.
Intracellular localization of TbSODs
As hypothesized from sequence analyses, TbSODB1 and TbSODB2 could represent cytosolic and glycosomal enzymes, respectively, whereas TbSODA and TbSODC could be imported into the mitochondrion. To confirm these possibilities, the plasmids pGC1 and pGN1 were created to allow, respectively, carboxy- and amino-terminal fusion of proteins with the GFP in transfection experiments. Since Tbsoda and Tbsodc encode amino-terminal extensions with possible mitochondrial targeting information, the coding regions of both genes were cloned in frame in the pGC1 vector, while Tbsodb1 and Tbsodb2, which could carry glycosomal targeting information in their carboxy-terminal PTS-1, were cloned in frame in the pGN1 vector. All four constructs were transfected into procyclic trypanosomes and examined for fluorescence (Fig. 3). To accurately determine the localization of the TbSODs in organelles, transfected parasites were stained both with an anti-glycosomal aldolase polyclonal antibody [31] and Mitotracker-red, a dye that preferentially accumulates in the mitochondria [45]. As shown in Fig. 3A, parasites expressing TbSODB1 fused to GFP showed fluorescence throughout the cell, a pattern consistent with cytosolic localization. No clear colocalization of GFP fluorescence and anti-glycosomal aldolase antibody staining was observed. In the case of the TbSODB2, the subcellular pattern was more complex since this enzyme was localized in both the cytosol and glycosomes (Fig. 3B). Indeed, although the GFP fluorescence was uniformly distributed in the cytoplasm, we also noted the colocalization of GFP fluorescence and anti-glycosomal aldolase antibody staining strongly suggesting the partial targeting of TbSODB2 into the glycosomes. Both transfected parasites, expressing TbSODB1- and TbSODB2-GFP, did not show colocalization of fluorescence and Mitotracker staining (data not shown). In contrast to the previous constructs, mitochondrial localization was clearly evident for transfected parasites expressing TbSODA- (Fig. 3C) and TbSODC-GFP (Fig. 3D), where GFP fluorescence colocalized with Mitotracker staining. This strongly suggests the targeting of both the A and C isozymes into the mitochondrion. No colocalization of GFP fluorescence and anti-glycosomal aldolase antibody staining was observed (data not shown).
In parallel, a polyclonal antibody raised against a synthetic peptide of the SODB of T. brucei strain TC221 [6] was used for detection of homologous proteins in subcellular fractions of T. brucei strain 427 by immunoblotting. Only the labelling of the most enriched cytosolic, glycosomal, and mitochondrial fractions (according to the enzymatic activities of the markers of these cellular compartments) were shown (Fig. 4). The peptide used as immunogen for the production of the antibody (see Fig. 1) perfectly matched with both TbSODB1 and TbSODB2 but showed very low identity with the homologous domains of TbSODA and TbSODC. Thus, this antibody allowed us to detect specifically both TbSODBs by Western blot. As shown in Fig. 4, the antibody did not recognize any protein in the mitochondrial fraction but labelled two bands of unequal intensity of around 22 and 24 kDa, respectively, in both the cytosolic and the glycosomal fraction, the lower band being the TbSODB1 and the upper band the TbSODB2 according to their respective molecular mass. The TbSODB1 was found predominantly in the cytosol with a small glycosomal component and we estimate that around 40% of the TbSODB2 was targeted into glycosomes.

Overall phylogeny of FeSODs and the search for the origin of TbSODs
Systematic investigation of conserved sequence and structure characteristics of SODs allowed us to determine the oligomeric state and metal specificity of these enzymes [4]. According to this study, TbSODs clearly belong to the family of dimeric FeSODs. Thus, all the dimeric FeSODs and closely related cambialistic dimeric SODs available in databases were extracted and aligned with TbSODs. This first dataset including 162 non-trypanosomatid sequences was analyzed with the ProML program (data not shown) that allowed us to remove phylogenetically uninformative redundant sequences. Subsequently, Bayesian and distance unrooted trees (Fig. 5) were constructed with a reduced dataset including the four TbSODs and 106 non-trypanosomatid sequences. The emergence of most of the lineages was not well supported in view of the low BV or BPP on the corresponding nodes. This lack of phylogenetic resolution was likely due to the low number of sites analyzed (168 shared positions). Among the bacterial groups, we noted the emergence of two protozoan clades. The first one not supported by BV and BPP values included dimeric FeSODs from Alveolates (Plasmodium, Theileria, Cryptosporidium, Babesia, Toxoplasma, Neospora, Perkinsus), Amoebozoa (Entamoeba and Phreatamoeba), and the TbSODB1 and TbSODB2 sequences which showed a very discrete relationship with the mitochondrial enzyme from Perkinsus marinus. The second protozoan clade only included the TbSODA and TbSODC sequences and the trichomonad (Trichomonas and Tritrichomonas) enzymes. This grouping was well supported by BV and BPP values (75 and 99%, respectively). Moreover, these four protozoan sequences were related to the -proteobacteria homologues from Helicobacter, Campylobacter, and Wolinella but this clustering was only strongly supported by BPP of 82% but not by BV. In our tree, the TbSODA and TbSODC clustered together with high support (BV and BPP of 78 and 99%, respectively) as did TbSODB1 and TbSODB2 (both BV and BPP of 100%).
As emphasized in previous studies [44], FeSODs from protozoans including Trypanosoma are clearly prokaryotic in nature according to the sequence, structure, and phylogenetic data. Moreover, this prokaryotic nature and the presence of two distinct clades of TbSODs are suggestive of more than one event of lateral gene transfer which gave rise to the appearance of the multiple SODs in T. brucei. To further investigate this possibility, we imported into PAUP the tree file containing all 10,000 trees from the Bayesian analysis that were used to construct the consensus tree. After removing the first 350 trees representing the burn-in trees in the Bayesian analysis, PAUP was used to set a constraint holding the four TbSOD sequences together as a monophyletic group and then to search among the remaining trees in the tree file for those that showed that monophyletic group. None of the trees had the four taxa confined together as a monophyletic group, offering further support for the idea that they have two separate origins. If burn-in is increased to 1,000 trees to be even more conservative, the consensus tree groups TbSODA and TbSODC 100% of the time, and TbSODB1 and TbSODB2 100% of the time, but the two groups are still always separated.
Phylogenetic evaluation of the trypanosomatid SOD sequences
In an attempt to retrace more precisely the evolution of the SOD genes within the trypanosomatids and to study phylogenetic relationships among these parasites, all the available SOD sequences found in databases from these protozoans were extracted so allowing the phylogenetic analysis of 49 full-length and one partial SOD sequences. All SODs showed the characteristics of dimeric FeSODs and could be included in one of the four SOD classes here described for T. brucei. Interestingly, although the genome sequencing of some of the trypanosomatid species analysed here is still only partially complete, the four types of SOD here identified are all present in T. gambiense, T. vivax, T. congolense, T. cruzi, L. infantum, and L. major suggesting that these four SODs are common to all trypanosomatids. A first Bayesian analysis including the 49 full-length FeSOD sequences and 188 sites was performed and the tree is shown in Fig. 6A. A salient point is the highly supported divergence (BPP of 100%) observed between trypanosomatid SODA and SODC sequences suggesting an earlier gene duplication which occurred before the Trypanosoma and Leishmania lineages separated. Within both SODA and SODC clusters, we noted two strong dichotomies between i) the Trypanosoma and Leishmania sequences, and ii) the T. brucei and T. cruzi homologues as shown in recent SSU rRNA- and GAPDH-based trees [46]. A second Bayesian analysis restricted to the 156 positions shared with the partial and as-yet unclassified SOD sequence from L. tropica (see partial tree Fig. 6B) showed that the latter sequence clustered together with other Leishmania SODC sequences with very high support (BPP of 100%). From our analyses, we showed that Trypanosoma SODB1 and SODB2 sequences emerged in strongly supported species-specific clusters (Fig. 6A). Although such a topology can be interpreted as the result of recent gene duplications which occurred independently in each Trypanosoma species, such an evolutionary scenario is unlikely and therefore we interprete this to indicate that an early gene duplication leading to the formation of highly similar sodb1 and sodb2 genes in a trypanosomatid ancestor has subsequently undergone gene conversions and homologous recombinations which led to frequent homogenization of the two sodb sequences. This scenario is supported by the fact that in T. brucei the sodb1 and sodb2 genes are closely together on the same chromosome, or as in the genomes of L. major, L. chagasi and L. donovani, tandemly arranged [10] and that they are, only with the exception of the carboxy-terminal extension found in the SODB2 sequence, still > 90% identical. It is well known that in T. brucei genes have high tendency to undergo homologous recombination necessary for the high rate of antigenic variation of these organisms. Moreover a similar example of homogenization of homologous sequences has been described for the PGK isozymes of T. brucei [47-49]. In order to study this in more detail, the method of split decomposition was used allowing the visualization of complex evolutionary processes like recombination and horizontal gene transfer [50]. The sequences of the Leishmania SODB1/2 clade revealed networked evolution, indicative of such recombination, while those of all other clades, including the Trypanosoma SODB1/2 clade, were devoid of any network structure. Thus apart from the B-type SODs, the other SODs have not been subject to significant recombinational events, while due to the much higher rate of homologous recombination amongst the Trypanosoma sodb species any such information must have been erased (data not shown). The splitstree is available from the authors on request. The fact that the corresponding SODB2 of Leishmania also carries a carboxy-terminal extension with a similar PTS-1, supports the idea that the acquisition by trypanosomatids of the glycosomal isozyme predates the separation of Leishmania and Trypanosoma species. In contrast to the single SODB1/SODB2 clade for Trypanosoma, the Leishmania SODB1 and SODB2 isozymes constitute separate clades. Apparently events of gene conversion and homologous recombination in the Leishmania spp. have been less frequent than in the Trypanosoma spp. This may be related to the fact that contrary to the genus Trypanosoma, Leishmania is not capable of antigenic variation.

Discussion
In all Trypanosomatidae analyzed, there are 4 iron-containing SOD isozymes, FeSODA, FeSODB1, FeSODB2 and FeSODC. We have over-expressed in E. coli all four TbSODs and shown that they are active enzymes. TbSODA and TbSODC in procyclic insect stages are located in the mitochondrion. Both carry N-terminal extensions which were predicted by various algorithms to encode a mitochondrial transit peptide. These predictions were confirmed by us in subcellular localization experiments using GFP-fusion proteins. Although it was not possible to more precisely localize TbSODA and TbSODC within the mitochondrion, the length of their N-terminal extensions suggests that they may represent, respectively, the mitochondrial matrix and intermembrane-space isozymes. The same type of subcellular localization experiments revealed that the two TbSODB isozymes are distributed over both the cytoplasm and the glycosomes, with the B2 isozyme predominantly in the glycosome and the B1 isozyme mainly in the cytoplasm. This subcellular distribution clearly differs from that observed for the SODB1 and SODB2 isozymes identified in L. chagasi [10], in which both were targeted exclusively to the glycosomes. In L. chagasi both isozymes carry at their C-termini a tripeptide reminiscent of a PTS-1 glycosomal targeting signal (–SQL and –SDL, respectively), and these two tripeptides have been shown to be responsible and sufficient for the targeting of reporter proteins into glycosomes. Moreover, the reporter proteins were found exclusively inside glycosomes. This contrasts with the situation in T. brucei where both enzymes distribute over both the cytosolic and the glycosomal compartments and the B2 isozyme carries a –SDL at its C terminus, identical to the Leishmania B2 isozyme, while the B1 isozyme bears no recognizable PTS-1 (–LKS). Why in T. brucei both B-type isozymes distribute over two cellular compartments rather than each individual enzyme being targeted to a separate compartment as in L. chagasi is not entirely clear. However, a search in the trypanosome genome databases has allowed us to identify many genes coding for potential glycosomal proteins present in multiple copies, some of which predict C-termini reminiscent of a PTS-1, while others do not conform to the consensus pattern, because one or more of the three predicted C-terminal residues has been mutated into a non-accepted variant. In a diploid organism such as T. brucei, a single nucleotide polymorphism in the region encoding the PTS-1 could lead to the creation of enzyme subunits both with and without functional PTS-1. This could have occurred by mere change, but it could also serve a biological function. In the case of multimeric proteins, this would lead to the formation of hetero-oligomers where some of the subunit(s) would bear a PTS-1 while others do not. Contrary to the import of proteins into the endoplasmatic reticulum, chloroplasts and mitochondria, protein unfolding does not seem to be a prerequisite for protein import into peroxisomes. It has been demonstrated that both peroxisomes and glycosomes can import completely folded and even oligomeric proteins [51-54]. For instance, in the case of the dimeric FeSODBs, various combinations of the FeSODB1 and FeSODB2 subunits could lead to homo- and heterodimers bearing either zero, one, or two PTS-1 signals and in this way both cytosolic and glycosomal isoenzymes would be created. If just one PTS-1 per oligomer would be sufficient for the import of the native protein, differential expression of two slightly different genes coding for an oligomeric enzyme would determine the relative abundance of the three isozymes, and thus their respective distribution over the cytosol and the glycosomes. This represents a novel mechanism of regulation of the relative contribution of enzymes to the cytosolic and peroxisomal/glycosomal compartments.
	In bloodstream forms SOD activity has been experimentally localized to the soluble, mitochondrial and glycosomal fractions [5] but no information was available on the isozymes responsible for these activities. The only isozyme which was identified in bloodstream forms is a B-type SOD of which the activity increased with the rate of growth, but its subcellular location was not studied [6]. Our studies show that TbSODB1/2 is present both in glycosomes and in the cytosol. In actively dividing long slender bloodstream forms, the glycosome is metabolically very active being responsible for the consumption of large amounts glucose via an aerobic type of glycolysis which involves the consumption of molecular oxygen at the impressive rate of 100 nanomole. min-1. mg protein-1. Most likely this high rate of consumption via a cyanide-insensitive trypanosome alternative oxidase (TAO) imposes an important degree of oxidative stress upon the organism [55]. None of the glycolytic enzymes are directly involved in the consumption of molecular oxygen or have as cofactor FAD which may be responsible for the production of superoxide radicals. Other reactions catalysed by glycosomes may do so. Glycosomes of procyclics are involved in fatty acid oxidation [56], and although a hydrogen-peroxide producing acyl CoA oxidase has not yet been detected, such an enzyme would constitute a potential source of superoxide. Moreover, the presence of a PTS-1 in other enzymes involved in the protection against activated oxygen species, such as glutathione/trypanothione peroxidase and peroxiredoxin suggests that also glycosomes require an effective protection against superoxide radicals.
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Fig. 1. Sequence alignment of the four TbSODs on 12 known SOD structures. Structure alignments of SOD proteins were taken from [4]. The SOD structures are labeled by their protein code with annotations about the oligomeric state and the metal cofactor specificity. The 1mng SOD is an atypical tetramer (designed 4’mer) that has the sequence specificity of dimers. The first line contains the PDB sequence numbering from the 1isa PDB file. Full species names are as follows: E. coli, Escherichia coli; P. ovalis, Pseudomonas ovalis; P. gingivalis, Porphyromonas gingivalis; S. acidocaldarius, Sulfolobus acidocaldarius; S. solfataricus, Sulfolobus solfataricus; A. pyrophilus, Aquifex pyrophilus; M. tuberculosis, Mycobacterium tuberculosis; P. shermanii, Propionibacterium shermanii; H. sapiens, Homo sapiens; A. fumigatus, Aspergillus fumigatus; T. thermophilus, Thermus thermophilus. The four TbSOD sequences are aligned below the 12 SOD structures, with consensus secondary structures showed by colored boxes and labeled (alpha-helix and beta-sheet in red and green, respectively). Secondary structure elements according to the DSSP program [21] are also underlined in the TbSOD sequences. Sites of specific residue conservation in 261 SOD sequences [4] are colored in all sequences; yellow background, residues conserved in at least 90% of 261 SOD sequences; turquoise background, residues specific to dimers; blue background, tetramer-specific; purple background, iron-specific; orange background, manganese-specific; violet background, iron dimer-specific; violet letters, specific for all but iron dimers; dark khaki background, manganese dimer-specific; dark khaki letters, specific for all but manganese dimers; green background, iron tetramer-specific; green letters, specific for all but iron tetramers. More information can be found in [4]. Blue letters represent residues which either introduce a short 310 helix in both TbSODB1 and TbSODB2 or constitute a loop insertion in both TbSODA and TbSODC. The forward arrows (>) indicate the omitted amino-terminal extensions of the TbSODA and TbSODC (35 and 97 residues, respectively; see Table 1). The last line indicates the location of the synthetic peptide used as immunogen for the production of an anti- T. brucei SODB polyclonal antibody [6].

Fig. 2. Ribbon representations of TbSOD models. Alpha-helices and beta-strands are colored in red and in green, respectively. The amino- and carboxyl-termini are indicated. The iron ion and active site water molecule are depicted in magenta and blue, respectively. (A) TbSODB1 model. The secondary structure elements are labeled as in Fig. 1. The amino-terminal 310 helix is represented in blue. (B) TbSODB2 model. Ternary conformation of the TbSODB2 dimer is depicted. The particular 310 helix is showed in blue. (C) TbSODA model. Side chains specific to dimers (Asn65, Phe118, Pro144; numbering according to the E. coli FeSOD protein sequence) and to iron-dimer (Phe64, Ala68, Gln69, Phe75, Ala141) are labeled and colored in turquoise and in magenta, respectively. The 5-residue long turn insertion is showed in blue. (D) TbSODC model. Amino acid side chains conserved (>90%) in SOD sequences are depicted in yellow and labeled. There are Leu7, Pro16, His26, His30, His31, Tyr34, Asn39, His73, Trp77, Ser120, Trp122, Pro151, Asp156, Trp158, Glu159, His160, Ala161, Tyr162, Tyr163, Asn168, and Trp183. The loop insertion is displayed in blue.

Fig. 3. Subcellular localization of TbSODs. Parasites were transfected with plasmids containing Tbsodb1 (A),  Tbsodb2 (B), Tbsoda (C), and Tbsodc (D) genes coupled to GFP, stained with both Mitotracker and anti-glycosomal aldolase antibody, and analyzed by fluorescence microscopy. Images show GFP fluorescence only in the cytosol for the TbSODB1 (A) and in both cytosol and glycosomes for TbSODB2 (B) as demonstrated by co-localization with the anti-aldolase antibody staining. About TbSODA (C) and TbSODC (D), both enzymes are mitochondrial as shown by co-localization of the GFP signals with Mitotracker staining. Scale bar, 10 m.

Fig. 4. Immunodetection of TbSODBs. Equal amounts of proteins (7 g/lane) from the most enriched glycosomal (G, lane 1), cytosolic (C, lane 2), and mitochondrial (M, lane 3) fractions were blotted onto nitrocellulose and probed with polyclonal antibody raised against SODB of T. brucei strain TC221 [6]. This antibody recognizes two bands of unequal intensity of approximately 22 and 24 kDa corresponding to the expected molecular mass of TbSODB1 and TbSODB2 monomers, respectively, in glycosomal and cytosolic fractions whereas no protein is recognized by the same antibody in the mitochondrial fraction.

Fig. 5. Neighbor-joining tree based on SOD protein sequences. Accession numbers or references of the sequences retrieved from genome sequencing projects are given in parentheses. Sequences obtained in this study from T. brucei strain 427 are indicated in grey whereas sequences from -proteobacteria, -proteobacteria, -proteobacteria, and cyanobacteria are shown in blue, orange, red, and green, respectively. Sequences from protozoans are underlined. If experimentally determined, the subcellular localization of protozoan SODs is indicated in parentheses after sequence references (ND: not determined). Numbers near the individual nodes indicate bootstrap values (left of the slash) and Bayesian posterior probabilities (right of the slash) given as percentages by the two different tree reconstruction methods (corrected distances/MrBAYES). Asterisks designate nodes with values below 50%.

Fig. 6. Consensus Bayesian tree of trypanosomatids inferred from SOD protein sequences. The root position was inferred by midpoint rooting. (A) Analysis of the data set including 49 trypanosomatid full-length SOD sequences (188 positions). (B) Partial view of the phylogenetic tree obtained from the same data set plus the partial SOD sequence from L. tropica (156 positions). This second tree exhibits the same topology as the previous one and only the branch leading to the SODC from trypanosomatids is shown and indicated by a dot in (A). Note the clustering of the boxed SOD sequence from L. tropica with other SODC sequences from trypanosomatids. Accession numbers or references of the sequences retrieved from genome sequencing projects are given in parentheses. Bayesian posterior probabilities are given as percentages near the individual nodes. The scale bar indicate 0.1 substitution (corrected) per site.
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